Abstract. Recoil ion momentum spectroscopy is a powerful tool for investigating the dynamics of ion, electron or photon impact reactions with atoms or molecules. It allows to measure the three dimensional momentum vector of the ion from those reactions with high resolution and 4 π solid angle. It can be easily combined with novel 4 π electron momentum analysers and for coincident detection of the projectile. This technique gives a complete image of the square of the correlated many body final state wave function in momentum space (i.e. fully differential cross sections) for the various reactions. The application to photo double ionization of helium by linear and circular polarized light is discussed.
I INTRODUCTION
How do we understand a match on Center Court in Wimbledon? And what's necessary to enjoy a football game? To do so, two ingredients are indispensable. First, we need good detectors: Our eyes, or at least a TV camera, which can see the whole arena and deliver images bright and with high enough resolution to us so that we can follow the action of the players and the motion of the ball. And second, we need at least a rudimentary theory, i.e., the knowledge of some rules of the game, to help us interpret what we see. These two ingredients open the way for a subtle interplay which enhances our understanding. Sometimes we learn the strategy of the game by carefully watching the players, and sometimes more detailed theoretical knowledge helps us to realize things we overlooked before. This article deals with only one side of the coin. It discusses a powerful camera to view the dynamics in the atomic collision arena. For the first time, an imaging technique called Cold Target Recoil Ion Momentum Spectroscopy (COLTRIMS) can give us a broad picture of atomic reactions in momentum space: capturing all aspects of the final state and providing bright, high resolution pictures of the breakup of atoms and molecules (see [1] for a recent review). Like a wide angle camera focused on the Center Court, it does not only show the motion of just one of the players, but captures the whole game with a resolution high enough that we can zoom in on any detail of interest. It delivers multi-dimensional momentum space images of the reaction, yielding the square of the many-body final state wave function.
One subfield of atomic physics has focused not on the dynamics in momentum space, but has achieved tremendous progress in the determination of energy eigenvalues. Laser spectroscopy, high resolution studies at synchrotron radiation sources, measurements in traps, dielectronic recombination studies and x-ray spectroscopy in ion storage rings provide us with unprecedented precise information on important quantities in atomic physics: energy levels and life times. These are time averaged quantities. They teach us the static long term properties of the atomic world. In the example of the tennis match, this corresponds to three-hour exposures of a photograph. It shows the probability distribution of the players on the court, like a time independent wave function in coordinate space which yields the eigenvalues. For observing a mountain or appreciating the beauty of a greek temple such long time exposures are clearly adequate, as they allow for extremely sharp pictures. For a tennis match, however, they obviously miss most of the fun. They will never tell us who won Wimbledon. Another very active subfield in atomic physics is working on unraveling the the basic many-body dynamics of atomic processes. Tremendous progress has been made here for example for (e,2e) and (γ, 2e) reactions. Using coincident electron detection kinematically complete experiments could bee performed in this field (see eg. [2] [3] [4] [5] [6] [7] [8] [9] . for (γ, 2e) and [10] [11] [12] [13] [14] for (e,2e) and (e,3e)). Each of those experiments concentrates on certain angular or fragment energy ranges. Often a prohibitively large number of experiments would have to be performed to map the complete many particle momentum space. One of the fundamental technical challenges for fully differential experiments is the small solid angle of traditional spectrometers. The momentum space imaging techniques discussed in this paper are a concept to overcome this basic problem, by providing 4π solid angle for the coincident, three dimensional, high resolution momentum measurement of ions and electrons from atomic and molecular reactions.
The final state momenta of a reaction are interrelated by the three momentum and one energy conservation law. Thus for an n-body final state only 3n-4 momentum components have to be measured and the experimentalist is free to choose which to determine. For single ionization by fast charged particle impact for example, the azimuthal and polar scattering angle of the projectile can be measured in coincidence with the three dimensional momentum vector of the recoil ion. The energy loss of the projectile and the momentum of the emitted electron can than be deduced using conservation laws. In many fast ion-atom collisions however the relative momentum change of the projectile (energy loss and scattering angle) is unmeasurable small (typically ∆p/p projectile < 10
−5
). In this case a coincident momentum measurement of ion and electron(s) provides the only access to fully differential cross sections. The momenta are measured via combined position and time of flight (TOF) measurements. For the TOF either a pulsed beam or a coincidence with a projectile can be used. For photo double ionization, to give a second example, either the two electrons or one electron plus the ion can be measured. In this case again the easiest and most precise measurement can be performed if a pulsed beam enables an absolute TOF measurement of all particles. In some special cases however it is even sufficient to determine the relative time of flight between recoil ion and electron. The data for linear polarized light shown below are taken with a reference signal from a pulsed beam (see [15] for details on the timing), those for circular polarized light by only measuring the relative TOF (see [16] ).
In the following we first briefly discuss the experimental technique and restrict ourself to discussing a few recent applications to low energy photo double ionization studies.
II EXPERIMENTAL TECHNIQUE
The basic principles for high resolution 4π spectrometers are identical for ion and electron detection. They are based on a small reaction volume (typically below 1 mm
3
) from which the fragments are guided by electric and magnetic fields to large area position sensitive detectors. The momenta of electron and ion can then be calculated from the time of flight and the position where the particles hit the detectors. The ion momenta resulting from atomic reactions are typically in the range of a few atomic units (a.u.), their energies in the µeV -meV regime. This is comparable or even smaller than the thermal motion of the atoms at room temperature (4.6 a.u. for He). Thus, one has to provide an internally cold atomic target for the collision. This is presently achieved by using supersonic gas jet targets. A further improvement in resolution is envisaged by the future use of laser cooled targets [17] .
In all high resolution collision COLTRIMS studies supersonic gas jet targets have been used. The gas jet is formed by expanding the gas through a 30 µm hole. In some cases the nozzle and the gas are precooled to 15-30 K to further improve the resolution. From this expansion a supersonic jet is formed and the He atoms have a mean speed proportional to the square root of the nozzle temperature. The momentum distribution around the mean value is given by the speed ratio of the expansion [19] . The precooling helps to achieve a narrow momentum distribution mbar at the target region, 3 cm above the skimmer. The gas jet leaves the scattering chamber into a separately pumped jet dump. In other experiments two stage jets [20, 21] or jets backed with 8000 l/s diffusion pumps [22, 23] are successfully used.
The ions are created in the overlap volume of the gas jet with the projectile beam. Different designs for recoil ion and electron spectrometers have been used. In a first version a homogeneous electric field followed by a drift tube guided the ions to a position sensitive channel plate [24] [25] [26] [27] [28] [29] . With this homogeneous field spectrometer Mergel and coworkers reported a resolution of 0.26 a.u. [25] . A very flexible combination of electric fields for ion detection and magnetic fields for guiding the electrons has been used at GSI [30] [31] [32] [33] [34] . This 'momentum microscope' is discussed in detail in [21] . In all spectrometers with homogeneous fields the ion momentum resolution is restricted by the extension of the overlap volume. To circumvent this restriction Mergel [18] has designed a field geometry which is focussing in three dimensions. An electrostatic lens in the extraction region focuses different starting positions perpendicular to the extraction field onto one point on the detector. In the third direction different starting points along the field lead to the same time of flight. Thus, a high resolution can be achieved even with a gas target extended over several mm. With this spectrometer a resolution of 0.07 a.u FWHM, which is close to the internal temperature of the gas jet, has been reached [35] . Details on the field geometry can be found in [15, 18] . A typical COLTRIMS setup is shown in figure 1 .
Due to the low energy of the recoiling ions a moderate field of a few V/cm is sufficient to collect all ions onto the detector. The same field is used to guide the electrons in the opposite direction. If one chooses a distance of 2 cm from the target region to the electron detector a 4π collection efficiency can be reached only for very low energy electrons (1-5 eV). In fast particle collisions however often higher energy electrons are created. To guide such electrons to the detector Moshammer and coworkers have superimposed on the electric field a homogenous magnetic field yielding 4π detection efficiency up to 30 eV electron energy [21] . Higher electron energies can be accessed by increasing the magnetic and electric fields. Such electron imaging spectrometers with magnetic confinement are used with great success in ion impact [30, 33, 32, 21, 34] and in photo ionization studies [36, 37] .
III APPLICATION TO PHOTO IONIZATION STUDIES
A particular interesting case of an atomic few body reaction is double ionization of He by one single photon. This process is a detailed probe of the effects of dynamic electron correlation, one of the hottest topics in todays atomic collision physics. The most simple and widely studied quantity for this reaction is the ratio of total cross sections for double to single ionization (see eg the recent experimental papers [38] [39] [40] [41] ). For a detailed understanding of the dynamics however much higher differential cross sections are needed.
Starting with the pioneering work of Schwarzkopf and coworkers in 1993 [2] several groups have reported electron coincidence studies for He double double ionization [3] [4] [5] [6] [7] [8] [9] . These experiments have covered several angular settings between the electron spectrometers as well as equal and unequal sharing of the excess energy available to the system. They have however been restricted to the coplanar geometry, where the two electrons move in a plane containing the polarization vector of the linear polarized light.
As outlined in the introduction, detecting the momentum vector of the He 2+ ion and one of the electrons is equivalent to detecting both electrons in coincidence. Several studies [42, 43, 36, 15, 16] reported on such experiments which mostly cover the full momentum space of all particles. One of the major advantages of such a comprehensive data set for double ionization is the possibility to display the data in any set of coordinates. Thus not only the traditional angles and energies of the two electrons (or momenta k 1 , k 2 ) can be chosen but also collective coordinates like Jacobi coordinates (k r = k 1 + k 2 and k R = 1/2(k 1 − k 2 )) or hyperspherical coordinates. In such momentum space images the characteristics of the photo double ionization process become directly visible. Figure 2 compares a two dimensional representation of the final state momentum distribution of the He 2+ ion and one of the electrons. The nucleus clearly shows a dipolar emission pattern as a result of the absorption of the photon. This characteristics of the primary absorption process is completely washed out in the electronic momentum distribution. This highlights the fact, that the nucleus as the center of positive charge in the system always participates in the absorbtion of the photon. It is the electron electron interaction which always is required in order for double ionization which smears out this reminiscent of the photons angular momentum in the momentum distribution of one single electron. A more detailed discussion of this problem can be found in [42, 44, 45, 36 ].
An overview of the three body continuum in the momenta of the two electrons is given in figure 3 . It shows the momentum of one electron with respect to the other at 1 and 20 eV above the double ionization threshold. All three particles are necessarily in one plane (following from momentum conservation). This internal plane of the breakup has some orientation to the electric field vector of the linear polarized photon beam. In the figure we show the momenta of the electrons in this internal plane integrated over all directions of . Electron 1 is chosen along the positive x axis of the figure (shown by the arrow). The full cross section, all energy sharings and all angles, are sampled in this figure. Each circle on this plane corresponds to a particular energy sharing. The outer circle gives the maximum available momentum (i.e. extremely unequal energy sharing), the inner circle corresponds to equal energy sharing. As has been shown already by the work using coincident electron detection (see e.g. citeSchwarzkopf93,Schwarzkopf94,Schwarzkopf95jpb,Huetz94, two main features determine the momentum distribution: the effect of electron repulsion and a selection rule from the 1 P 0 symmetry of the final state. Electron repulsion at these low excess energies leads to an emission of the electrons to opposite half spheres. There are almost no events on the right half of the figure corresponding to two electrons going to the same internal half plane. As can be expected from the velocity of the particles, this backward emission effect is slightly more pronounced at 1 eV than at 20 eV. Second, for a 1 P 0 two body state k 1 = −k 2 , i.e. back to back emission of equal energy electrons, is prohibited (see selection rule C in [46] ). For 1 eV the data show that this node extends all the way along the x-axis. Thus at such low energies back to back emission is suppressed at all energy sharings, even so this is not a strict selection rule (see also [7] ). At 20 eV the node is really centered at k 1 = −k 2 (indicated by the arrow). This presentation shows strikingly that this node is internal to the three body system and has nothing to do with , since the data are integrated over all orientations of . An additional structure becomes visible if one avoids this integration and displays the data in the conventional polar coordinates. Figure 4 shows the fourfold differential cross section d 4 σ/dϑ 1 dϑ 2 dΦ 1−2 dE 1 at 6 eV. Strictly speaking this is a fivefold differential cross section, since the are five linear independent observables. Within the dipol approximation, the additional rotational symmetry around the polarization axis reduces this to four dimension. The direction of the first electron is indicated by the narrow cone. The polarization axis is horizontal. The wide open cone on the right represented by the mesh indicates the locus of a two-dimensional node according to selection rule F of [46] . This selection rule holds strictly only for equal energy sharing. As the data show at 6 eV excess energy it prevails however for unequal energy sharing (see [15, 6, 7] ).
An interesting twist is added to this three body breakup if one introduces a chirality in the initial state by inducing the transition with circular instead of linear polarized light. The question arises how or if at all the chirality of the photon is transferred to the three body continuum. It has been first pointed out by Berakdar and Klar [47] that such an effect, termed dichroism, might exist even for He double ionization. Viefhaus and coworkers [9] found the first experimental evidence for this effect. The two electrons and the photon axis can span a tripod which could have a handedness if its two legs defined by the electron momenta are distinguishable, i.e. the electrons have unequal energy. This shows up strongest if the three body plane (as it is shown in figure 3 ) is held fix perpendicular to the photon axis. At 20 eV above threshold, figure 5 shows the momentum distribution of the ion and electron 2 in this plane. The momentum of electron 1,which is chosen to be the faster one, is fixed along the x axis.
Comparison with figure 3 as well as between left and right circular polarized light visualizes that dichroism is a huge effect in this system. While for linear polarized light upper and lower half of the figure are necessarily symmetric, this symmetry is broken for circular polarized light. A detailed comparison of these experimental results with 3C calculations can be found in [16] . In general the agreement between 3C theory and experiment is much worse for circular polarized [16] than for linear polarized light.
IV OUTLOOK
Multiparticle imaging with COLTRIMS provides new spectacular views on many body breakup of coulombic systems. It combines high resolution in momentum space (typically << 0.1a.u.) with 4π solid angle for all fragments. In many cases such kinematical complete pictures directly 'display' the processes responsible for the breakup of the atom or molecule. Thus some long standing puzzles in atomic collision physics were solved recently using this approach and many new questions and challenges to theory were raised. Due to limited space we had to restrict ourselves to a few selected results for photoionization at low energies. Another rich field of applications lies in the study of Compton scattering at high photon energies [23, 41] . A great amount of important results could be obtained in particular for ion atom collisions. We name only a few of these: Momentum space of single and double ionization by relativistic heavy ions showed the explosion of the atom in the light of an attosecond pulse of virtual photons, stronger than any available laser [33, 32, 30] . A scattering of two electrons inside an atom in a transfer ionization process could be directly seen [48] . Two center electron-electron interaction has been separated experimentally from nuclear-electron scattering [49, 27] . At slow collisions the promotion of one electron into the continuum via the saddle point mechanism has been imaged [50, 51] . Besides this rapidly increasing progress in atomic and molecular [37] physics such imaging techniques can be expected to be particularly useful in material research and solid state physics in the future. On can envision even the imaging of the many electron emission from surfaces which will give insight in the correlated electron motion in solids. 
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